Abstract-This paper presents a Mach-Zehnder-based transmitter in 0.18 µm CMOS. An asymmetric driver is proposed to achieve a large output swing on the optical modulator. The logical effort method was applied on each driver block in order to optimize the propagation delay. The driver characteristics are analyzed based on slew-rate limitation. The speed-power-area trade-off is highlighted and enables to adjust the driver design according to specified constraints. Driver performance obtained with early-design-stage equations is compared to post-layout simulations. Good agreement is demonstrated which validates the proposed sizing methodology.
INTRODUCTION
Silicon photonics is considered as a prime technology for communication and high-speed computing applications. Indeed photonic devices offer promising solutions for next-generation high-speed and high-density interconnects. Mach-Zehnderbased transmitters have been proposed to implement costeffective and energy-efficient optical links in order to meet power and bandwidth datacoms standards [1, 2] . This work reports on the optimization of a silicon photonics transmitter based on a Mach-Zehnder interferometer and an asymmetric driver. We focuses particularly on the driver design which is demonstrated in a low-cost 0.18 µm CMOS process. The driver has to address the maximum data rate while ensuring low-power and area constraints.
Driver circuitry is often designed in the literature [2] , [3] , [4] , however transistors' sizing is rarely revealed. Our approach is based on the logical effort method. To the authors' knowledge, such an approach is reported in a paper for the driver design for the first time. The logical effort method enables designers to optimize digital circuits for speed [5] . It shows how to reduce the overall delay and how to find the ideal number of gates in a logic chain. As a result, the fastest implementation of any given logic function is pointed out. This paper demonstrates that early-design-stage equations are quite accurate to derive driver performance. Equations show good agreement with post-layout simulation results. The paper is organized as follows. Section II reviews the Mach-Zehnder modulator operation. In section III, the driver architecture is described. The driver sizing is introduced by the means of the logical effort methodology. Following subsections discuss the trade-off between speed, power, and area which permits to design the driver to the targeted application. Section IV presents electrical and post-layout simulation results and summarizes driver performance along with comparison to analytic equations. Finally, Section V concludes the paper.
II. PHOTONICS APPLICATION
The architecture of a simplified Mach-Zehnder-based modulator is depicted in Fig. 1 . It consists of an input waveguide, a splitter, two Mach-Zehnder arms and an output combiner. The splitter and the combiner are implemented with optical directional couplers and a phase shifter is integrated in one of the two arms. Another phase shifter is usually introduced in the second arm to obtain same optical losses, keeping a zero phase shift [1] . The Mach-Zehnder interferometer enables to convert a phase modulation into an intensity modulation by recombining two light beams with different phases.
The variation of free carrier concentration is used to induce a modulation in the silicon. This variation creates a change in the optical index of the material which results in a phase shift of the light wave. In order to realize such a phase shifter, a PN diode is inserted into the arm of a Mach-Zehnder interferometer. When reversed biased, the diode enters in carrier depletion mode. This expands the space charge region and thus changes the carrier concentration. The bias is applied to the diode via the Driver Cathode of Fig. 1 .
One can show that it is interesting to bias the PN junction not only in reverse but also in forward. Forward bias is made with the Driver Anode illustrated in Fig. 1 . This solution benefits from a larger voltage swing on the modulator. However the forward bias must remain below the built-in potential to ensure that the diode does not enter in the carrier injection mode. The built-in potential is around 0.5 V depending on the junction doping.
From a device point of view, the lateral PN junction is defined in the center of a rib waveguide. A silicon layer of 300 nm thickness is formed with P and N implants as shown in the schematic cross section of Fig. 2 (a) . AC simulations are performed in order to extract the capacitance of the device. C-V curve is illustrated in Fig. 2 (b) and exhibits a 300 fF capacitance for a 1mm long PN diode.
To connect the drivers to the diode, different integration technics can be considered. The literature reports mainly two methods: either the monolithic [2, 4] or the hybrid integration [3] . When monolithically integrated, photonic and electronic components are fabricated into the same CMOS node. On the contrary, hybrid integration benefits from separate optimization of Mach-Zehnder modulator and drivers. Electro-optic transmitter design requires to focus on this issue, however following sections will take an interest only on driver circuitry.
III. DRIVER OPTIMIZATION
This work aims to develop a driver for a Mach-Zehnderbased modulator in a 0.18 µm CMOS node. The driver design is optimized for the minimum propagation delay. The driver characteristics are then analyzed to verify if they satisfy data rate, power and area constraints.
A. Driver circuits
The driver architecture is inspired from the asymmetric driver used in [3] . It is composed of two distinct blocks, the Driver Anode and the Driver Cathode that drive respectively the anode and the cathode of the modulator's PN junction. The maximum voltage swing from 0 to V DD is allowed on the cathode whereas the forward bias on the anode has to be limited below the built-in potential.
The Driver Cathode enables to shape input signals and to drive high capacitive load. Its topology uses a chain of four inverters, namely (M p1 ; M n1 ) to (M p4 ; M n4 ). Following subsection highlights the transistors' sizing in order to optimize the propagation delay.
The Driver Anode's purpose is similar to those of Driver Cathode. Its topology is also based on an inverter chain but an additional circuit enables to reduce the high voltage level under the built-in potential. Fig. 3 shows the driver circuit. The main inverter chain is composed by the transistors M n1 , M p1 , M n2 , M p2 , M n3 , and M p3 . In order to be able to control precisely the voltage applied on the PN junction, the controller circuit formed by the two inverters M n4 , M p4 and M n5 , M p5 and by the PMOS transistor M p6 is introduced. This circuit enables to activate or deactivate the transistor M n6 working as a switch. M n6 is switched on when M p3 is activated, then the controller circuit switches M n6 off in order to limit the high level to a value close to the built-in potential.
B. Transistors sizing: the logical effort method
The logical effort method was introduced in [5] in order to help designers to optimize any logic circuits for speed. When adapted to an inverter chain, the method leads to a sizing methodology to find both the ideal number of stages and all gates' sizes. In this section a sizing approach is proposed in order to minimize the drivers' propagation delays. The starting assumption is based on the knowledge of the output load that the driver must drive. Besides, all transistors gate lengths are imposed to be equal to the minimum .
When considering a multi-stage logic network, the first step consists in computing the product = called the path effort. is the path electrical effort and captures the effect of each gate's topology on its capability to produce output current. In the case of inverters, is one. is the path branching effort and enables to take into account the fan-out of the gates' chain.
is also one for proposed drivers. is the path electrical effort and describes how the electrical environment of the circuit affects its performance. is equal to where is the load of the last stage, i.e. the modulator capacitance. is the input capacitance of the first stage which can be calculated from the gate oxide area capacitance . As a consequence, the path effort is:
Then the optimal number of inverters stages can be estimated by the following expression:
where the optimum stage effort is defined as the solution of the equation (1 ln( )) + = 0 and is the parasitic delay of an inverter.
has a fixed value independent of the gate's size and of its output load. The best number of stages is then the next integer above .
The logical effort method shows that the propagation delay is minimized when each stage in the path bears the same stage effort which results in:
In the case of an inverter chain, the stage effort is the ratio between inverters sizes. As a result, the transistors' sizing is easily made such as:
The factor is introduced in order to achieve equal rising and falling times. Finally the propagation delay between the first and the last stage is derived according to:
where is the delay of an ideal inverter that drives the same inverter.
Based on the logical effort method, sizing is carried out on both Driver Anode and Driver Cathode with a modulator load of 300 fF. The other parameters for the considered CMOS node are = 2.33, = 8 , = 0.18 μ and = 8.8 /μ ². The method shows that the optimal number of stages is 2.3. Therefore we choose = 3 for the Driver Anode and = 4 for the Driver Cathode since the two driver blocks must have a complementary logic function. Transistors' widths are given in Table I . They are calculated using (4) and a factor equal to 2.5.
Regarding the Driver Anode, it remains to size the inverters M n4 , M p4 and M n5 , M p5 and the two transistors M n6 and M p6 . For the inverters, we can also use the logical effort method. Their load capacitance corresponds to the M n6 input load which is quite small, so these inverters are relatively small. Transistor M n6 width is directly linked to the high level value of the output voltage while the transistor M p6 enables to smooth the output signal. Their sizing have been made in order to adjust the output signal to the specifications.
C. Area and power consumption compromises versus driver speed
After having sized both drivers, this section describes how to estimate the maximal data rate achievable by each driver and its power consumption. Indeed, the driver optimization leads to trade-off between speed, energy efficiency and area. These characteristics are analyzed below.
We assume that the data rate is limited by the inverters rising and falling times, based on slew-rate calculations of [4] . We 
.
Besides by using the slew rate formula, the falling time is connected to the load capacitance according to:
where is the parasitic capacitance of the last stage of the inverter chain (either Driver Anode or Driver Cathode). takes into consideration the total gate-drain capacitance and the total drain-body capacitance of both NMOS and PMOS transistors. For more convenience, this last expression is rewritten by introducing whose value is 0.9 fF/µm for 0.18µm technological node:
Finally the data rate limitation comes to the following expression where , is the current density of the NMOS transistor:
The average power consumption can be estimated by considering the sum of the modulator capacitance and of the driver parasitic capacitance:
Eq. (8) reflects the balance between the data rate and an estimation of the area represented by the NMOS width , of the last driver stage. In Fig. 4 , the last NMOS width is plotted versus the data rate for , = 0.38 μ ⁄ , = 1.8 , and = 300 . In addition, Eq. (9) explains the power versus data rate trade-off but (9) depends on the number of stages and on all transistors sizes. That is why an upper and a lower limit of the power consumption is showed in Fig. 4 . These limits depend only on the last stage's size and are calculated as: 
As a result, the two equations (8) and (9) enable us to illustrate the "speed-power-area" compromise for the driver. Thus these equations can be used to adapt the driver to a specific application constrained to data rate, power and area.
IV. SIMULATION RESULTS
In this section, post-layout simulations are carried out. To this end, driver layouts were done considering RF layout recommendations described in [6] . Driver Anode area is 18.8 µm × 39.6 µm. Driver Cathode area is 19.2 µm × 39.9 µm. Due to paper space constraints, layout illustrations are not presented here.
A comparison between analytic results and simulation results (electrical and post-layout) is performed. Fig. 5 presents the transient responses of both driver stages. The input signal is in each case a periodic signal from 0 to V DD . The resulting data rate (5Gb/s in Fig. 5 (a) and 7Gb/s in Fig. 5(b) ) is the maximum for a correct bit transmission. The post-layout output signal is overall not deteriorated in comparison to electrical simulations, validating thus the drivers' layout. The main consequence of parasitic elements consists in increasing the propagation delays. However the Driver Anode high level value is also increased which can be problematic if it overpasses the built-in potential of the PN junction. This increase has to be taken into account in further designs.
Finally Tables II and III show an overview of Driver Anode and Driver Cathode performance. A really good accordance can be noticed between analytic results obtained with equations (5), (8), and (9) and simulations results. Note that for the Driver Anode, analytic results are obtained for a three inverters chain without the controller circuit and the switch transistor while simulations results take into consideration the complete driver. This can explain discrepancy observed in particular for power consumption.
V. CONCLUSIONS
In this paper, the optimization of a silicon photonic transmitter is demonstrated based on a Mach-Zehnder interferometer and an asymmetric driver implemented in a CMOS 0.18 µm technology. The logical effort method is employed to size both Driver Anode and Driver Cathode. The trade-off between data rate, power consumption and circuit area is explored via slew-rate limitation, in order to be able to adapt the driver design to specifications. Good agreement is shown between early-design-stage equations and post-layout simulation results. Therefore, such optimization technics can continue to be used to boost data rates with shrunk CMOS nodes and improved electro-optic modulators.
